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INTRODUCTION
The model bryophyte Physcomitrella patens (Hedw.) B.S.G. is widely studied due to its highly efficient homologous recombination, short life-cycle (Schaefer and Zr€ yd, 1997) , and high tolerance to drought, salt and osmotic stress (Frank et al., 2005) . Moreover, it is considered a possible link between algae and Arabidopsis, making it ideal for studies of evolution and development. The P. patens life-cycle consists of alternating gametophyte and sporophyte generations and, in contrast to seed plants, the gametophyte generation is the dominant phase (Cove, 2005) . The haploid spore germinates to produce the initial protonema stage of the gametophyte by apical cell division. Two distinct cell types are present in protonema: chloronema and caulonema. The chloronema cells are rich in chloroplasts and their apical cells divide slowly compared with those of caulonema (Rensing et al., 2002; Schween et al., 2003a; Cove, 2005) . On the lateral branches of caulonema, buds will later form and develop into gametophores. Of the several development phases in the life-cycle, the protonema provides the most convenient tissue for genetic engineering and diverse biotechnological approaches (Decker and Reski, 2004) .
Since the first successful transformation experiment in 1991 (Schaefer et al., 1991) , P. patens has been widely used for protoplast isolation, which is necessary for transformation in genetic studies that require recipient cells. As it is sufficiently susceptible to cell wall degrading enzymes, protonema or more precisely chloronema and young caulonema was reported to be the only developmental stage of P. patens that could be used for obtaining protoplasts. Additionally, due to its ease of propagation and clear developmental phase, protonema is an ideal material for studies of cell polarity (Knight and Cove, 2010) , cell tip growth (Prigge and Bezanilla, 2010) and cell pattern determination (Russell, 1993) . More importantly, protonema is widely used to express foreign genes for the large-scale harvesting of target products (Decker and Reski, 2008) . Compared with higher plants acting as biofactories, P. patens has several advantages in recombinant protein production. In medicine, recombinant proteins derived from most plants usually cause allergic reactions in patients due to their specific N-glycosylation. The protonema of P. patens is used in gene replacement to avoid this adverse modification bioprocess Reski, 2004, 2008) . In addition, protonema is easily vegetatively propagated, which provides access to mass production of the target products. New approaches to keeping protonema stable would undoubtedly enhance the application of P. patens in target protein production. Therefore, producing stable protonema that is less prone to developmental progression is of great significance for both developmental biology studies and genetic engineering.
To maintain stable protonema, it is vital to regulate the development of protonema cells. Due to its role in the cell cycle, ammonium tartrate has been reported as effective in blocking the development of plant material at the chloronema stage (Hohe et al., 2002; Schween et al., 2003a,b) . The most commonly used method to produce protonema in the laboratory is to place ground moss fragments on solid medium containing a moderate amount of ammonium tartrate overlaid with cellophane (Reski et al., 1994) ; however, this is time-consuming, easily contaminated and not always effective. A semi-continuous bioreactor (Hohe et al., 2001 ) and a photobioreactor have been used for large-scale culture of wild-type and recombinant P. patens, and this method can delay cell differentiation to some degree (Lucumi and Posten, 2006) . However, in these devices, the culture medium must be changed regularly, and the protonema must be disrupted persistently. Moreover, this method does not completely block the differentiation of protonema. Thus, the problem of efficiently inducing protonema and maintaining its filamentous state require further studies.
In this work, we cultured P. patens in diluted seawater medium to study its morphological changes and the development process of protonema. We found that diluted seawater was effective for protonema induction and maintenance in P. patens. Transcriptomic analysis was performed to reveal that when P. patens was cultured in a diluted seawater environment, plant hormone signal transduction pathways were downregulated, resulting in an interruption of the developmental process from protonema to gametophore. These results may provide new insights into cell differentiation in moss protonema.
RESULTS

Diluted seawater medium induces generation of protonema
Mature gametophores grown on solid medium were immersed separately in liquid medium for 20 days prepared with sterile freshwater (Figure 1a -f) or with diluted seawater (Figure 1g-l) . No obvious changes were observed in the first 4 days of culture in either liquid medium (Figure 1b and h) compared with 0 days (Figure 1a and g ). At 8 days, protonema began to appear at the rhizoids of gametophores cultured in both liquid media (Figure 1c and i) . However, differences occurred between these two samples at 12 days. In freshwater medium, the protonema clearly developed into small gametophores after another 4 days of development (Figure 1d ). However, in diluted seawater medium, the protonema was less branched and had expanded to a larger biomass (Figure 1j ). Protonema also began to occur on the leafy stem, although most appeared at the rhizoid. In freshwater medium, the newly developed gametophores grew larger, and more gametophores were gradually generated with most attached to the rhizoid (Figure 1e ) at 16 days. In diluted seawater medium, the protonema continued to extend by tip growth, and new protonema was generated at the leafy stem from top to bottom ( Figure 1k ). By 20 days, large amounts of less branched filamentous protonema had been generated in the diluted seawater medium, most (~85%) of which was chloronema (Figure 1l ). The relative weights of the protonema and gametophores in these six culture stages are shown in Figure 2 . Protonema mass increased gradually with culture time. In freshwater medium, the newly generated gametophores constantly developed and differentiated into mature gametophores (Figure 1f ).
Regeneration of gametophores from protonema in freshwater medium
The changes in protonema produced in diluted seawater medium after transfer to new freshwater medium are shown in Figure 3 . The protonema generated in diluted seawater medium was less branched with a high proportion of chloronema ( Figure 3a) . However, the amount of chloronema decreased and that of caulonema increased after the protonema had recovered for 7 days in freshwater medium, indicating that chloronema gradually developed into caulonema, and more branches were present in protonema compared with the number at 0 days. Some protonema branches changed gradually and leaf-like structures appeared (Figure 3b ), indicating that gametophores began to form after 7 days of recovery in freshwater medium. The pioneer three-dimensional gametophytes were completely formed by 10 days (Figure 3c ). Thus, protonema formed in diluted seawater medium could continue developing and differentiating to complete the whole life-cycle.
Gametophores treated with different concentrations of polyethylene glycol (PEG) solution, NaCl solution and diluted artificial seawater To determine whether osmotic stress was the key factor for the generation and maintenance of protonema, five concentrations of PEG medium were used to treat gametophores for 20 days: 3, 6, 15 and 30% PEG. Protonema was generated in 3 and 6% PEG media, and eventually developed into gametophores. Growth in 3% PEG (i.e. relatively low osmotic stress; Figure 4a ) was similar to that in freshwater medium. In contrast, the newly developed gametophores in 6% PEG ( Figure 4b ) were smaller in size than those in freshwater medium and 3% PEG. Moreover, in 15% PEG, much less protonema was generated (Figure 4c) , while in 30% PEG, the gametophores gradually died within the first 8 days of cultivation ( Figure 4d ). These results indicated that high osmotic stress affected the normal growth and development of P. patens in liquid medium. Unfortunately, no appropriate PEG concentration was obtained in this study for maintaining the generation and filamentous state of protonema. In addition, NaCl solution and diluted artificial seawater medium were prepared to replace diluted seawater to treat the gametophores. In the NaCl solution, short and less branched protonema was generated at 20 days ( Figure 4e ). The artificial seawater was similar to natural seawater in composition. After 20 days of cultivation in diluted artificial seawater medium, the generated protonema was similar to that in diluted seawater medium, except that there was less protonema (Figure 4f ). Thus, we concluded that diluted seawater was the most appropriate liquid medium for the generation and maintenance of protonema.
Transcriptome enrichment analysis of differentially expressed genes (DEGs)
To determine the response mechanisms of P. patens to diluted seawater, we analyzed transcriptomes at different stages: samples cultured in diluted seawater medium for 4 days (D4) and 8 days (D8), protonema obtained from gametophores after culture for 20 days (Pro), newly generated gametophores from protonema recovered in freshwater medium (Re) and normal gametophores grown on solid medium (Col). The biological functions of the DEGs in the five libraries were identified by Gene Ontology (GO) enrichment analysis (http://www.geneontology.org/). The most enriched GO terms of the four groups are listed in Data S1: D4 versus Col, D8 versus Col, Pro versus Col and Re versus Pro. DEGs in groups D4 and D8 were enriched compared with Col in 'single-organism process' in the category 'biological process', while in the group Pro versus Col, 'metabolic process', 'organic substance metabolic process' and 'cellular metabolic process' were the top three GO terms in the 'biological process' category. In group Re versus Pro, 'structural molecule activity', 'cofactor binding', 'coenzyme binding' and 'structural constituent of ribosome' in the 'molecular function' category were the most enriched GO items.
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (http://www.genome.jp/kegg/) was performed to further identify the biological pathways in which DEGs were involved. The top 20 most enriched pathways and statistics of pathway enrichment are shown in Data S2. In groups D4 and D8, the downregulated DEGs were significantly enriched compared with Col in the 'plant hormone signal transduction' and 'phenylpropanoid biosynthesis' pathways. Moreover, in Pro versus Col, the downregulated DEGs were also enriched in 'plant hormone signal transduction'. However, in Re versus Pro, the upregulated genes were most significantly enriched in 'ubiquitin-mediated proteolysis' and 'plant hormone signal transduction'. These all indicated that plant hormones had important roles in protonema generation and development, and that hormones may be responsible for the various morphological changes in samples subjected to freshwater and diluted seawater.
Expression of genes related to plant hormone signaling pathways
A heat-map analysis of 71 auxin-and 27 cytokinin-related DEGs was performed. The gene symbols and gene IDs of the auxin-related genes are listed in Table 1 . Gene GH3.17 has been reported as auxin-synthesisrelated (Walcher and Nemhauser, 2012) and was downregulated in D4, D8 and Pro, but upregulated in Re. These results indicated that a seawater environment impaired auxin synthesis, which could recover in freshwater. The AUX/IAA family are genes that are rapidly induced in response to auxin (Reed, 2001) . In this study, AUX1, IAA13 and auxin response factors (ARF6, ARF16, ARF18, ARF8, ARF4, ARF2, ARF23 and ARF5) showed similar expression patterns to GH3.17. Several of the auxin-responsive protein SAUR-related genes (SAUR 72), however, showed different expression patterns. PIN proteins are crucial factors in auxin transport, mediating auxin efflux (Petr a sek et al., 2006), and PIN4 and PIN3 were also downregulated in diluted seawater medium and upregulated in freshwater medium. Other auxin receptor genes such as COI1 and AFB3, the auxin influx carrier (AUX1 LAX family) gene LAX4, Os05 g0447200 and the auxin transport protein BIG all showed different degrees of downregulation in diluted seawater medium and upregulation in freshwater medium. The results indicated that diluted seawater may impair auxin metabolism and the auxin signal transduction pathway in P. patens. The gene symbols and gene IDs of the cytokinin-related genes are listed in Table 2 . The histidine protein kinase family contains important cytokinin receptors involved in the cytokinin signal transduction pathway in Arabidopsis (M€ uller and Sheen, 2007) . Several homologous genes of AHK4, AHK3 and AHK5 were downregulated in diluted seawater medium and upregulated in freshwater medium.
The LONELY GUY (LOG) gene was reported as essential to maintain meristem activity of the shoot meristem by encoding a cytokinin-activating enzyme involved in cytokinin synthesis (Kurakawa et al., 2007) . CKX is the only enzyme reported to catalyze active cytokinin degradation (Jones and Schreiber, 1997) , and is essential in regulating endogenous cytokinin levels (Werner et al., 2001) . In addition, cytokinin content can be regulated in many cases through a negative feedback mechanism by promoting CKX expression (Brugi ere et al., 2003) . Similar to that of the AHK gene family, the expression of the genes LOGL2, LOGL6 and CKX1, CKX4 was repressed when protonema was induced in diluted seawater medium and recovered in freshwater medium.
The confirmation of the relative expression levels of five randomly selected candidate genes at five developmental stages by quantitative real-time polymerase chain reaction (qRT-PCR) is shown in Figure 5 . The results of RNA sequencing and qRT-PCR showed significant positive correlation.
Effects of additional auxin and cytokinin on protonema
To verify the effects of phytohormones on protonema development, indole-3-acetic acid (IAA) and 6-benzylaminopurine (6-BA) with final concentrations of 50 nM and 1 lM, respectively, were added separately to freshwater and diluted seawater media. As control, protonema generated in diluted seawater was transferred to freshwater medium without added phytohormones for 6 days (Figure 6a) . Small gametophores were generated in freshwater medium after 6 days of culture, while chloronema in freshwater medium developed caulonema after treating with 50 nM IAA for 13 days (Figure 6b) . Furthermore, 1 lM 6-BA promoted the generation of buds in freshwater medium (Figure 5c and g ). Interestingly, compared with that in diluted seawater medium without phytohormone (Figure 6d ), no obvious changes were detected in protonema cultured in diluted seawater medium supplied with 50 nM IAA for 13 days ( Figure 6e ) and 1 lM 6-BA for 6 days ( Figure 6f ). Protonema in diluted seawater medium failed to respond to additional IAA and 6-BA, which was quite different from its behavior in freshwater medium.
DISCUSSION
Diluted seawater medium is effective for protonema induction and state maintenance
Physcomitrella patens can be cultured in both solid and liquid media. And almost all of its cells, including gametophyte and sporophyte tissue, have the potential to regenerate. Protonema is generated first, followed by gametophores. In freshwater medium, regenerated protonema maintain their filamentous state for only a few days, then young gametophore formation occurs. In contrast, after 20 days of cultivation in diluted seawater medium, both the rhizoid and the leafy stem cells of gametophores regenerated protonema (chloronema), which was highly stable and could maintain a filamentous state without bud assembly or further gametophore formation. Moreover, the biomass of the protonema increased gradually with culture time ( Figure S1 ). Interestingly, this protonema developed gametophores after transfer to freshwater medium for several days. We suggest that the development of the protonema was blocked at the chloronema stage in diluted seawater medium, which raises the question of how diluted seawater affects normal protonema development. Previous reports have illustrated the mechanism by which ammonium tartrate regulates protonema development (Schween et al., 2003a) , and this method has been widely used for protonema collection. However, the ammonium content in natural seawater is low and so other causes of blocked protonema development must exist.
Diluted seawater medium affects phytohormone signal transduction pathways in protonema development
Phytohormones including auxin, abscisic acid, cytokinin, gibberellin, ethylene and several newly discovered species are involved in many physiological processes in plants, such as growth, development and response to stimuli. Many studies have demonstrated the important role of phytohormones (including auxin and cytokinin) in protonema and gametophore development in P. patens (Johri and Desai, 1973; Reski, 1998; Schumaker and Dietrich, 1998; Jang and Dolan, 2011; Xiao et al., 2011; Decker et al., 2017) . Auxin was found to be required for the formation of caulonema and bud assembly during P. patens development (Johri and Desai, 1973) . Moreover, cytokinin affects initial cell formation and subsequent bud assembly (Reski and Abel, 1985) . Therefore, auxin and cytokinin are indispensable for regulating P. patens protonema development. Undoubtedly, impairment of the auxin and/or cytokinin signal transduction pathways will result in blocking of normal protonema development.
We mainly focused on plant hormone signal transduction pathways in the transcriptomic analysis, which showed the DEGs downregulated in groups D4, D8 and Pro versus Col were significantly enriched in 'plant hormone signal transduction pathway' in the KEGG enrichment analysis. Moreover, metabolic pathways related to cytokinin signaling, such as 'phosphatidylinositol signaling system' (Repp et al., 2004) , were also enriched (Data S1). We further analyzed auxin and cytokinin biosynthesisrelated genes such as GH3.17 and the LOG family, which were downregulated in diluted seawater, suggesting low levels of auxin and cytokinin in samples cultured in diluted seawater medium. This result may be related to those of reports that salt stress significantly reduces IAA concentration in crop leaves (Prakash and Prathapasenan, 1990; Dunlap and Binzel, 1996) and plant root systems (Sakhabutdinova et al., 2003) . In addition, our hormone treatment experiments suggested that added IAA and 6-BA promoted the generation of caulonema and bud assembly in freshwater medium, which was consistent with previous results. However, the same doses of IAA and 6-BA were inactive in diluted seawater medium; in other words, the blocking of the development process was not relieved by appropriate phytohormone content. This suggests that decreased phytohormone content may not be the main reason for the blocking of protonema development.
Furthermore, we found that three auxin-responsive gene families (Aux/IAA, GH3 and SAUR) and the cytokininresponsive gene family AHK were downregulated, suggesting that phytohormone receptors were impaired, which resulted in the insensitivity of protonema cells to phytohormones. Although the protonema development process was blocked, this effect was relieved by transfer to freshwater medium. Correspondingly, most of the phytohormone receptor genes exhibited high expression levels in Re compared with D4, D8 and Pro (Figure 7) . These results demonstrated that diluted seawater medium suppressed auxin and cytokinin sensitivity in P. patens. In this work, we also analyze related genes related to other phytohormones, such as strigolactones, which were recently proved to take essential roles in P. patens development (Decker et al., 2017) . As a result, regulation of auxin and cytokinin signal pathways was proved to be the main reason for protonema induction and maintenance in diluted seawater medium. So the downregulation of phytohormone pathways, especially phytohormone receptors of auxin and cytokinin, were considered the main reasons for the blocking of normal protonema development in diluted seawater medium.
Multiple features of natural seawater are likely responsible for protonema induction and maintenance Physcomitrella patens can tolerate high salt and osmotic stress (Gao et al., 2016) . However, a series of osmotic Figure 6 . Effects of indole-3-acetic acid (IAA) and 6-benzylaminopurine (6-BA) on development of protonema cultured in freshwater and diluted seawater medium. Protonema was transferred to freshwater medium without phytohormone for 6 days (a), with 50 nM IAA for 13 days (b), and with 1 lM 6-BA for 6 days (c and g). Protonema was transferred to new diluted seawater media without phytohormone for 6 days (d), with 50 nM IAA for 13 days (e), and with 1 lM 6-BA for 6 days (f). Red arrows indicate buds formed under 1 lM 6-BA. [Colour figure can be viewed at wileyonlinelibrary.com].
stress levels provided by solutions containing different concentrations of PEG did not induce the considerable chloronema growth found in the diluted seawater medium. Interestingly, fewer and shorter protonema were generated on plants cultured in 1% NaCl (i.e. the same salt concentration as diluted seawater) medium. Thus, 1% NaCl medium was inefficient for protonema induction. In addition, liquid medium containing the main components of natural seawater (NaCl, CaCl 2 and MgCl 2 ) at concentrations similar to those in diluted seawater more effectively induced protonema than 1% NaCl. Moreover, the artificial seawater medium that was closest in composition to natural seawater had similar effects to natural seawater medium, in that less protonema was generated. Thus, the effects of liquid media on protonema induction were more obvious when the composition was closest to that of natural seawater. Furthermore, the natural seawater used in this study was collected from the open sea in Qingdao in different seasons throughout the year to exclude the influence of extraneous water flow into the sea. We attempted to analyze the components of natural seawater that might be responsible for protonema induction and maintenance. Unfortunately, we failed to identify the key factor in natural seawater that affects the normal development of protonema. In addition, the mechanisms by which the seawater components influence phytohormone receptors remain unclear. However we concluded that the induction and maintenance of protonema in diluted seawater medium resulted from multiple factors, including salt stress, metal ions (such as magnesium and Ca
2+
) and trace elements. Overall, natural seawater diluted with freshwater and supplemented with BCD medium was the best liquid medium for protonema induction and filamentous state maintenance.
Due to its evolutionary position, P. patens is often studied in conjunction with higher plants and lower algae. This moss has a key position in hormone response evolution. In higher plants, phytohormones regulate many bioprocesses during the life-cycle; all major components of the auxin signaling machinery and all four classes of cytokinin-signaling pathways found in flowering plants are also present in P. patens (Rensing et al., 2008; Lau et al., 2009) . However, neither the complete auxin signaling pathway of higher plants nor the complete cytokinin pathway has been reported in sea microalgae and multicellular algae, although phytohormones have been detected in several algae (Wood and Berliner, 1979; Vance, 1987) . The functions of phytohormones in algae are weak and are even thought to be byproducts (Bartel, 1997) , although in algae these hormones may work in different pathways from those in higher plants. Algae are lower photosynthetic organisms with simple structure and a basal evolutionary position, and this may be the main reason for their less sophisticated phytohormone regulation mechanisms. We further conjecture that most sea algae, especially green algae, lack well-established hormone transduction systems partly due to the specific composition of natural seawater.
EXPERIMENTAL PROCEDURES Material growth conditions and treatments
Gametophores of P. patens were grown on a diluted BCD medium containing 1 mM CaCl 2 , 0.5% (w/v) glucose and 0.75% (w/v) agar (Ashton et al., 1979) . Plants were cultured in a growth chamber at 23 AE 1°C with the light intensity of 50 lmol m À2 sec À1 provided by six LED lights using a 16/8 h light/dark photoperiod. Mature gametophores (approximately 4 weeks old) were transferred to liquid media for further treatments. Natural seawater was collected in different seasons of the year from the open ocean of Qingdao (35°35 0 -37°09 0 N, 119°30 0 -121°00 0 E) in Shandong Province, China. Although it has high salt and osmotic stress tolerance, we found that P. patens cannot survive in natural seawater with a salinity of approximately 32&. A diluted seawater medium composed of sterile natural seawater and deionized freshwater with a ratio of 1:2 (v/v) was prepared to treat P. patens. The NaCl medium was prepared with 1% (w/v) NaCl. The artificial seawater medium was prepared and diluted with freshwater with a ratio of 1:2 (v/v). Moreover, different concentrations of PEG 2000 were used to produce an osmotic stress gradient. All liquid media were supplemented with BCD medium and 1 mM CaCl 2 . All materials were cultured in six-well plates for 20 days with the same culture conditions as for solid medium. Morphological changes were observed every 4 days using a stereoscopic microscope (Zeiss Stemi 2000, Germany) . Protonema was collected and transferred to freshwater medium to recover for a further 10 days. Morphological changes were observed using a differential interference contrast microscope (Leica DM2500, Germany).
Auxin and cytokinin treatments
Protonema induced in diluted seawater medium was transferred separately to freshwater and new diluted seawater media. The auxin IAA, with a final concentration of 50 nM, and the synthetic cytokinin 6-BA, with a final concentration of 1 lM, were added separately to freshwater and new diluted seawater media. The changes in each sample were observed using the differential interference contrast microscope.
Samples preparation for transcriptomic analysis
After culture in diluted seawater medium for 4 and 8 days, plant samples were harvested. After culture in diluted seawater medium for 20 days, large amounts of extended protonema were generated and then gently separated from the gametophores with micro-tweezers. Part of the protonema was harvested, and the rest was transferred to freshwater medium and cultured for another 20 days until most protonema developed gametophores. The newly developed gametophores were finally harvested. Mature gametophores cultured on solid medium were used as control. After harvesting, all samples were immediately frozen in liquid nitrogen after removing superficial free water and stored at À80°C until use.
Total RNA isolation, quality control, library construction and sequencing
The total RNA of each sample was extracted using an RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, China) according to the manufacturer's protocol. DNase was used to remove genomic DNA. RNA of samples cultured in diluted seawater medium for 4 and 8 days, protonema obtained from gametophores after culture for 20 days, newly generated gametophores from protonema recovered in freshwater medium, and normal gametophores grown on solid medium were used both to construct cDNA libraries and for Illumina sequencing by Novogene Bioinformatics Technology (Beijing, China). The genome version used in our study is v.1.23 from the Ensemble database, which is accessible at ftp://ftp.ensemblgenomes.org/pub/release-23/plants/fasta/physc omitrella_patens/dna/.These five libraries were correspondingly named D4 (4 days), D8 (8 days), Pro (protonema), Re (recovered in freshwater medium) and Col (control). Each sample had three biological replications. The abundance of transcripts was presented as FPKM (expected number of fragments per kilobase of transcript sequence per millions base pairs sequenced), which is the method most commonly used to analyze gene expression (Trapnell et al., 2010) . The program DESeq was further used (Anders and Huber, 2010) to identify the DEGs between these libraries. The resulting P-values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate. Genes with an adjusted P-value < 0.05 found by DESeq were considered DEGs.
Enrichment analysis of DEGs
To identify their biological functions, DEGs were mapped to the GO database (http://www.geneontology.org/) using the GOseq R package according to Young et al. (2010) with the threshold of corrected P-value < 0.05. Furthermore, the KEGG database (http:// www.genome.jp/kegg/) was also used for KEGG annotation and KEGG pathway enrichment analysis. We used KOBAS software (KOBAS, Surrey, UK) to test the statistical enrichment of DEGs in KEGG pathways. For more comprehensive annotation information, we blasted DEGs against the Swiss-Prot protein database (http://www.expasy.ch/sprot).
qRT-PCR
For each sample used for transcriptomic analysis, cDNA was generated from 1 lg of total RNA by Moloney Murine Leukemia Virus reverse transcriptase (Promega Biotech, Madison, WI, USA). Primers of five randomly selected DEGs were designed and synthesized by Sangon Biotech (Shanghai). The 60S rDNA was selected as internal reference gene. The primers for each selected gene are listed in Table S1 . The qRT-PCR was performed with a Bio-Rad iQ5 Multicolor Real-time PCR Detection system (Bio-Rad, Hercules, CA, USA). Reactions were performed in a total volume of 20 lL, containing 10 lL of 2 9 SYBR green Master Mix (Roche), 1 lL (1 mM) of each primer, 5 lL of the diluted cDNA and 3 lL of RNAse-free water. Each sample had three replications. The data were analyzed with Bio-Rad optical system software.
